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All-dielectric one-dimensional periodic structures for 
total omnidirectional reflection and partial 
spontaneous emission control 
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Abstract — A remarkable property of one-dimensional all- 
dielectric periodic structures has recently been reported, 
namely a one-dimensional lattice can totally reflect electro- 
magnetic wave of any polarization at all angles within a pre- 
scribed frequency region. Unlike their metallic counterpart, 
such all-dielectric omnidirectional mirrors are nearly free 
of loss at optical frequencies. Here we discuss the physics, 
design criteria and applications of the thin-film all-dielectric 
omnidirectional mirror. The experimental demonstration of 
the mirror is presented at optical frequencies. 

Keywords — Dielectric mirror, photonic crystal, photonic 
band gap, spontaneous emission control. 



I. Introduction 

IT is well known that spontaneous emission can be 
strongly modified by changing the environment near an 
excited atom. A microcavity with perfectly reflecting walls 
can considerably inhibit or enhance spontaneous emission 
of atoms placed inside it [Q, ||^. 

Metallic mirrors being a good reflector for any angle of 
incidence fulfill the requirements to be inside walls of micro- 
cavities. At optical frequencies there is however a problem 
with them: they display notable dissipative losses. 

Photonic crystals were originally proposed by Yablono- 
vitch 1^ to fix this problem. Photonic crystals are periodi- 
cally microstructured dielectric materials which can exhibit 
■ the frequency bands that are completely free of electromag- 
I netic states. The forbidden band is usually referred to as 
' a full three-dimensional (3D) photonic band gap. Being 
' made from positive-dielectric-constant materials photonic 
crystal can be almost free of dissipative losses at any pre- 
I scribed frequency. In the limit of a thick sample photonic 
' crystal behaves as an omnidirectional high refiector. 
' Since the first works ||^, the concept of photonic 
crystal has been attracting close attention of the scientific 
community and a lot of applications have been proposed 
(see @, [|, |, §, §, g and refs. therein). 

However, until now the possibility to design an all- 
dielectric microstructure displaying total omnidirectional 
reflection has mainly been associated with 3D periodic ma- 
terials. In spite of current success in the microstucturing of 
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3D photonic crystals @, [|n[, Q, [|T3[, there is still a seri- 
ous technological problem to fabricate a periodic structure 
of arbitrary wavelength-scale period. The investigations of 
low dimensional periodic media have been attracting con- 
siderable interest. 

It has recently been recognized, that 2D and ID |p^ , 
[0, fill, 1^ periodic structures can display 

some features of full 3D photonic band gap, namely, display 
total omnidirectional reflection of arbitrary polarized wave 
within certain frequency region. 

A one-dimensional photonic crystal is nothing other than 
the well-known dielectric Bragg mirror consisting of alter- 
nating layers with low and high indices of refraction. In 
contrary to 3D microstructures, ID dielectric lattices are 
unique in that modern technology is currently able to pro- 
duce the needed wavelength-scale period. 

Depending on the chosen geometry and frequency region, 
a lot of applications are possible. The planar geometry, for 
example, can be used to improve the properties of vertical- 
cavity surface-emitting lasers and microwave antenna, to 
design transmission and energy saving filters. By rolling 
into hollow fibers, the mirror can be used as inside walls of 
high-finesse waveguides and microcavities. 

The paper is organized as follows. Section II outlines the 
origin of the total omnidirectional reflection displayed by 
ID photonic crystals. Optimization criteria of the mirror 
design are reported. The possibility of partial spontaneous 
emission control is discussed. In Section III, the experi- 
mental demonstration of the mirror is presented at optical 
frequencies. 

II. Theoretical results 

A. Total omnidirectional reflection 

Consider an infinite periodic stack of alternating lay- 
ers of low, ni, and high, n2, indices of refraction and the 
thicknesses di and c?2, respectively (Fig. p. The period is 
A = di + d2. The periodicity of the structure leads to the 
Bloch wave solutions of the Maxwell equations. The Bloch 
wave number K may be obtain from the dispersion relation 
(see e.g. H, 11) 



i^(k^,t^)yl = arccos ( ^{A + D] 



(1) 



where is the tangential component of the Bloch wave 
vector, u is the frequency. A particular form of the quan- 
tities A and D may be found elsewhere ||2^, Due to 
the planar geometry of the problem, the separation of the 
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Fig. 1 

Schematic representation of a dielectric multilayer 
structure of alternating layers of low, ni, and high, n2, 
indices of refraction, di and d2 are the thicknesses of the 
layers, n is a reflective index of an ambient medium. the 
light rays refracting and propagating through a stack are 
presented. the full domain of incident angles 

Olinc G [— ""/Z, 7r/2] IS MAPPED INTO THE INTERNAL CONE OF 
HALF-ANGLE Q^"^ = arcsinn/ni (the LIGHT GRAY area). For 
SUFFICIENTLY LARGE INDEX RATION SriQ = rii /n THE INTERNAL 
cone's HALF-ANGLE q™"^ MAY BE SMALLER THAN THE BREWSTER 
ANGLE ag. An externally incident wave can never couple to the 
Brewster window. 



electromagnetic field into TE (transverse electric) and TM 
(transverse magnetic) polarization states is possible, where 
the electric or magnetic field vector, respectively, is par- 
allel to the layers interfaces. This splits the problem into 
the two independent ones for TE and TM polarizations, 
respectively. 

Photonic band structure of an infinite system of layers 
is depicted in the figure ||. The refractive indices, ni = 1.4 
and 712 = 3.4, are chosen close to ones of Si02 and Si in the 
near IR region, where these materials are essentially trans- 
parent. The band structure has been calculated using the 
dispersion equation ([l]). The left panel is for TE polariza- 
tion, and the right one for TM. An infinite periodic struc- 
ture can support both propagating and evanescent Bloch 
waves, depending on real or imaginary Bloch wave numbers 
are. In the figure ^, gray areas correspond to the propa- 
gating states, whereas white areas contain the evanescent 
states only and are usually referred to as photonic band 
gaps. 

As only the normal component of the wave vector is in- 
volved in the band gaps formation for oblique propagation, 
the band gaps shift towards the higher frequencies with 
the tangential component of the wave vector (Fig. |^). The 
common feature of the band structure of ID lattices is that 
the forbidden gaps are always closed up (e. g. the crossed 
circles in figure ||). Another feature of the band struc- 
ture is that the TM forbidden gaps shrink to zero onto the 
Brewster light-line, where uj — c |kj^| /ni sina^ (Fig- H), 
aB — arct an 712/711 is the Brewster angle. The TM polar- 



ized wave propagates without any reflection from 711 to n2 
layer, and from 712 to tii layer, at the Brewster angle as- 

Suppose that the plane electromagnetic wave illuminates 
the boundary of a semi-infinite periodic stack under the 
angle, ainc, from semi- infinite homogeneous medium of re- 
fractive index, n (Fig. |^). While the frequency and the 
wave vector of an incident wave are fitted into the forbidden 
gaps of the photonic crystal^, an incident wave undergoes 
total reflection. The band gaps of the crystal lead to the 
total reflection bands in the spectra, which are very sensi- 
tive to the incident angle. Two questions arise: (i) whether 
it is possible to avoid the coupling of the incident wave to 
the Brewster window, where the reflection coefficient at the 
interface of low, 711, and high, 712, index layers is identically 
zero; and (ii) whether the reflection bands (photonic band 
gaps) can be wide enough to be open for all incident angles. 

When electromagnetic wave illuminates the boundary of 
the semi-infinite crystal, the possible values of the internal 
angles are restricted by the Snell's law. The full domain 
of incident angles [— 7r/2,7r/2] is mapped into the internal 
cone of half-angle a™"^ — arcsin 77/771 (the light gray area 
in the figure |l|). The lar ger are refractive indices of the 
layers with respect to the medium outside the crystal, the 
narrower is a cone of internal angles. For sufhciently large 
index ratio Suq = 771/71 the internal cone's half-angle a™°^ 
can be smaller than the Brewster angle as- An externally 
incident wave will never couple to the Brewster window. 
This answers the first question. 

To answer the second question, consider the reduced 
region of k-space associated with the ambient medium 

^It is important to note that infinitc_ja,nd semi-infinite photonic 
crystals have the same band structure ]24l, the only difference is the 
existence of surface modes in the case oFsemi-infinito stack. 




Normalized wave vcelor Normalized wave veelor 

Fig. 2 

Photonic band structure of a typical ID photonic crystal 
FOR TE (left panel) and TM (rigth panel) polarizations. The 
stack is assumed of refractive indices ni = 1.4, 712 = 3.4 and 

FILLING fraction rj = d2/A = 0.5. The frequency and the 
tangential component of the wave vector are defined to be 
normalized as u>Kl2-Kc and |kx|A/27r, respectively. The gray 

AREAS correspond TO THE PROPAGATING STATES, WHEREAS WHITE 

areas contain the evanescent states only. The shaded areas 
correspond to omnidirectional reflection bands. the solid 
and dashed lines are an ambient-medium light-lines. 
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Fig. 3 

Photonic band structure in terms of normalized frequency 

AND the internal ANGLE IN THE LOW INDEX LAYER, n\. THE STACK 
IS ASSUMED OF REFRACTIVE INDICES n\ = 1.4, 912 = 3.4 AND FILLING 
FRACTION T] = 0.32. The solid (dashed) curves are FOR TE- 

(TM-) polarization bands. The internal angle, for which the 
TM forbidden gap is closed up, is depicted by the vertical 

DOTTED line. ThE SOLID VERTICAL LINE CORRESPONDS TO THE 
INTERNAL CONE'S HALF-ANGLE q.™"^: jp^ rpjjg Qy^gg Qp r^gj. y^^BIENT 
MEDIUM WITH REFRACTIVE INDEX n = 1. THE BREWSTER ANGLE as 
IS DEPICTED BY THE DASHED VERTICAL LINES. LiGHT GRAY AREA ARE 
FOR THE OMNIDIRECTIONAL TOTAL REFLECTION BAND. 



(Fig. For an incident wave with the wave vector 

k| — nuj/c, the tangential component of the wave vec- 
tor remains constant throughout the crystal and equals to 
|k_L| = {nuj/c)asiiiainc- Here, amc is incident angle, to is 
the frequency and c is the speed of light in vacuum. The 
wave coming from the outside can only excite the states ly- 
ing above the ambient-medium light-line (solid line in the 
figure H corresponds to the ambient medium with refrac- 
tive index n = 1). To have an omnidirectional reflection 
the forbidden gap should be open within this reduced re- 
gion of k-space. A sufficiently large index ratio 6n = n2/ni 
can make a trick, leading to the wide band gap opened for 
all incident angles. 

For the structure presented (Fig. |^) and air as an am- 
bient medium, n — 1, both index ratio 6n = n2/ni « 2.4 
and 6no = ni/n = 1.4 are sufficiently large, so the first 
two overall band gaps are open for all external angles of 
incidence. No propagating mode are allowed in the stack 
for any propagating mode in the ambient medium within 
the gaps for both TE and TM polarizations (shaded areas 
in the figure |^). The total omnidirectional refiection arises. 
A band of surface modes lies below the ambient-medium 
light-line |^ and thus surface modes do not affect the ex- 
ternal reflectivity. 

It is instructive also to represent the band structure in 
terms of internal angles. An internal angle parametrizes 
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Fig. 4 

Maximum refractive index of the ambient medium, for which 

AN omnidirectional REFLECTION BAND IS CLOSED UP, AS A 
FUNCTION OF THE INDEX RATIO 5n = n^jrix FOR DIFFERENT VALUES 

OF REFRACTIVE INDEX OF THE LOW INDEX LAYER, ni, AND FIXED 
FILLING FRACTION r; = 0.5. NUMBERS AT THE CURVES INDICATE THE 
REFRACTIVE INDEX OF THE LOW INDEX LAYER, n\. 



the tangential component of the wave vector as |kj^| = 
{uiLj /c) sinttint, where ni is the reflective index of the layer, 
aint is the internal angle in the Ui layer. In the flgure ^ 
the band structure is redrawn in terms of internal angles 
in the low index layer. One can see that the overall forbid- 
den gap is opened for all external incident angles for both 
fundamental polarizations forming an omnidirectional total 
reflection band (gray area in the figure 

B. Optimization criteria 

To design an omnidirectional mirror, one needs to have 
total reflection for all incident angles and all polarization 
states. The TM photonic band gap is narrower than TE 
one and so defines the bandwidth of an omnidirectional 
reflection band. The upper edge of the reflection band cor- 
responds to the upper edge of the forbidden gap at normal 
incidence. The lower edge is deflncd by the intersection of 
the ambient-medium light-line with the upper edge of the 
corresponding TM band (Fig. ||). For given parameters of 
the periodic structure, the refractive index of an ambient 
medium may be used to control the bandwidth. By increas- 
ing the refractive index of an ambient medium from n = 1 
to some n — Umax the bandwidth decreases till an om- 
nidirectional reflection band is closed up. In flgure ^ the 
maximum refractive index of the ambient medium Umax, 
for which the flrst omnidirectional reflection band is closed 
up, is presented as a function of the index ratio 5n ~ n2/ni 
for various values of the refractive index of the low index 
layer ni and the flxed filling fraction 77 = (i2/A = 0.5. 

The filling fraction 77 — d2/A optimizes the relative re- 
fiection bandwidth Aiv / coq of an omnidirectional reflection 
band with respect to the given refractive indices of the lay- 
ers constituting the ID photonic crystal and the index of 
an ambient medium. Here Auj is the width of the omni- 
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Filling fraction 
Fig. 5 

Overall band gaps leading to the omnidirectional total 
reflection bands. for the first overall band gap, gaps 
corresponding to the normal and grazing incidence are 
presented. the shaded area are for the first 

omnidirectional reflection band. the solid curves is for 

NORMAL INCIDENCE. THE DASHED (dOTTED) CURVES IS FOR GRAZING 
INCIDENCE FOR TE (TM) POLARIZATION. THE INSET SHOWS 
RELATIVE BANDWIDTH VERSUS FILLING FRACTION. HERE n = 1, 
m = 1.4 AND n2 = 3.4. 



directional reflection band and ujq is the central frequency. 
In figure |^ an overall band gaps leading to the omnidirec- 
tional total reflection bands are presented versus the flUing 
fraction. For the flrst overall band gap, gaps correspond- 
ing to the normal and grazing incidence are presented. The 
solid curves are for normal incidence. The dashed (dotted) 
curves are for grazing incidence for TE (TM) polarization. 
The omnidirectional reflection band, which is due to the 
overlap of the gaps corresponding to the normal and graz- 
ing incidence, is depicted as the shaded area. The omnidi- 
rectional reflection bands of the higher order are opened. 
The inset (Fig. ^ shows relative bandwidth of the flrst to- 
tal reflection band versus flUing fraction. There is a clear 
optimum flUing fraction rjopt leading to the maximum of 
the relative bandwidth. 

We further present the set of contour plots (Fig. ^ which 
provides the fufl information about the first omnidirec- 
tional total refiection band for given parameters of the sys- 
tem. An optimal filling fraction and corresponding central 
frequency are shown in figures ^ (a) and ^ (b), respectively, 
as a functions of the index ratio Sn for different values of 
index ratio Sno. The dashed curve in figure ^ (a) corre- 
sponds to the filling factor of a quarter-wave stack, which 
is V\/4 — 1/(1 + ^'"■)- Within a given parameter range 
a quarter-wave stack is not an optimal configuration to 
reach a maximum relative bandwidth for the omnidirec- 
tional reflection band, however it gives the relative band- 
width which is usually few percent smaller than optimal one 
[Fig. ^ (c)]. In flgure ^ (c) the optimal relative bandwidth 



is depicted as a function of the index ratio Sn for different 
values of index ratio driQ. A wide omnidirectional total re- 
flection band exists for reasonable values of both 6n and 
Suq. To obtain an omnidirectional band with bandwidth 
larger than 5% the index ratios should be larger than 1.5 
{6n > 1.5, Suq > 1.5). A decrease in one of the index ratios 
is partially compensated by an increase in the other one. 

For the Si02/Si (ni = 1.4, n2 — 3.4) structure in air 
(n = 1.0) the omnidirectional reflection band is centered 
at the normalized frequency luA/2ttc — 0.275 with the op- 
timal filling fraction rjopt — 0.324. The relative bandwidth 
is about 25%. To obtain an omnidirectional refiection cen- 
tered at the radiation wavelength A = 1.5 fim, one needs a 
period of the structure of about 0.412 /im. 

C. Perfect mirror or more? 

To suppress substantially the spontaneous emission of ra- 
diating species placed inside the layer of a periodic stack, 
the layer must be free of all unbound and bound modes. 
For the structure presented (Fig. ||) an overall forbidden 
gap is open up to the grazing angles in the case of TE po- 
larized radiation, while an overall forbidden gap is closed up 
at near 60° of an internal angle for TM polarization. The 
internal angle in the low index layer, for which an overall 
forbidden gap is closed up, is presented in the figure as 
a function of the index ratio Sn. Black dot corresponds to 
the stack parameters as in the figure ^: ni = 1.4, n2 = 3.4. 
For all index ratios 5n which are to the right of the dashed 
vertical line, an overall TE forbidden gap is open for all 
internal angles. For such design parameters, the low in- 
dex layer of the structure can be completely free of TE 
polarized propagating modes. To ensure the layer is free 
of all modes, bound modes, which are essentially guided 
modes, should be absent as well. However, there be no 
modes within the low index layer which can couple to the 
high-index-layer modes, including guided modes ||2^ . The 
radiation of emitting species embedded in low index layer 
may be inhibited over about ±60° aperture of internal an- 
gles (Fig. 1). 

Prospects for partial spontaneous emission control using 
this kind of ID periodic structures are discussed in |p^ : 
introducing a low index defect layer Russell et. al. resolve 
the Brewster window problem, namely design a defect layer 
which may be free of all unbound and bound modes. Prop- 
erly designed defect layer may provide the emission control 
over a solid angle An steradian. 

Another way to resolve the Brewster window problem 
is associated with anisotropic periodic medium |^. For- 
bidden band gaps of such a periodic structure may do not 
shrink to zero anywhere, so the low index layers of the 
structure may be free of all electromagnetic modes. 

III. Experimental results 

We have chosen to check theoretical predictions at op- 
tical wavelengths. A lattice consisting of 19 layers of 
NasAlFe and ZnSe (m = 1.34 and n2 = 2.5 - 2.8 cor- 
respondingly) was fabricated by standard optical technol- 
ogy using layer by layer deposition of the materials on a 
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glass substrate. The multilayer stack was terminated at 
both ends with ZnSe layer. The thickness of each layer was 
^1=^2 = 90 nm. An omnidirectional total reflection was 
expected within the spectral band AA — 604.3 — 638.4 nm 
with relative bandwidth of 5.3%. 

Transmission spectra for TE- and TM- polarizations at 
different incident angles in the range of — 60° were mea- 
sured using a 'Gary 500' spectrophotometer (right panel 
in the figure ||). The calculated transmission spectra are 
depicted in the left panel of the figure ^, a good agreement 
is obtained. From figure ^ one can see that for spectral 
range 600-700 nm the transmission coefficient is very low 
for both polarizations. The absolute values of transmission 
for TE-polarization in spectral range 630-700 nm was less 
than 0.001 within the ±0 — 60° aperture, corresponding to a 
reflection coefficient of 99.9%. To reach higher values of an- 
gle of incidence a simple set-up consisting of a He-Ne laser 
and a CCD detector was used. The intensity of laser beam 
passed through the sample was detected by CCD camera. 
Sample was mounted on rotational stage to allow different 
angles of incidence. With this set-up one can directly deter- 
mine the transmission coefficient of samples at angles up to 
70°. For larger angles it is necessary to measure the reflec- 
tion coefficient of samples. The dependence of the trans- 
mission coefficients for TE- and TM-polarized incident ra- 
diation of a He-Ne laser at 632.8 nm on angle of incidence 
is presented in the figure ||. For TM-polarization circles 
depict the directly measured transmission coefficient, and 
squares depict data obtained from reflection measurements. 
Mismatch between them can be explained by additional 
reflection from air-ZnSe, ZnSe-substrate and substrate- 
air interfaces. The solid (dashed) curve in the flgure || 
gives theoretically calculated transmission coefficients for 
TE-(TM-) polarized light. 

As can be seen from the figure ^ the transmission coef- 
ficient of TM-polarized radiation remains below 10~^ over 
a wide angular range. Due to the Brewster effect at the 
air-ZnSe, ZnSe-substrate and substrate-air interfaces at 
large angles it increases to 0.33 at 80° and then decreases 
again. In contrast, transmission of TE-polarized radiation 
decreases monotonically with growing angle of incidence 
being less than 10^^ for angles larger than 40°. Transmis- 
sion coefficients of less than 10~^ are beyond the capabil- 
ities of the experimental set-up used. For this reason, the 
transmitted signal at more than 60° cannot be detected. 
Because of this, no data points for TE-polarization at these 
angles are presented in the figure ^ 

A reflectivity of TM-polarized radiation at large angles 
can be enhanced in the structures terminated at both ends 
with low index layer, NaaAlFg, (Fig. ||). In this case, trans- 
mission at 80° is as small as 0.03, corresponding to a re- 
flection coefficient of 97%. An overall reflectivity can be 
enhanced in structures with larger number of layers. 

IV. Conclusions 

In summary, we have demonstrated the possibility 
to achieve a total omnidirectional reflection with one- 
dimensional periodic dielectric structures. The origins of 



the total omnidirectional reflection have been discussed. 
Optimization criteria of omnidirectional totally reflecting 
mirror design have been presented. We have found that for 
reasonable values of structure parameters (8n > 1.5, Shq > 
1.5) a relatively large omnidirectional total reflection band 
(> 5%) may be obtain, making the fabrication of a perfect 
all-dielectric thin-fllm mirror feasible. The possibility of 
partial spontaneous emission control with one-dimensional 
periodic structures has been discussed. The experimental 
demonstration of the mirror has been presented at optical 
frequencies. 
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Fig. 6 

(a) Optimal filling factor riopt versus the index ratio 5n for 

DIFFERENT VALUES OF INDEX RATIO SriQ. (b) CENTRAL FREQUENCY 
LJQ VERSUS THE INDEX RATIO 5n FOR DIFFERENT VALUES OF INDEX 

RATIO Sno FOR OPTIMAL FILLING FACTOR 'Qopt- (c) RELATIVE 
BANDWIDTH Auj/iaJq VERSUS THE INDEX RATIO Sn FOR DIFFERENT 
VALUES OF INDEX RATIO SriQ FOR OPTIMAL FILLING FACTOR rjopt. 

Numbers at the curves indicate the index ratio Sno. The 

DASHED curves CORRESPOND TO THE QUARTER- WAVE STACK. 
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Fig. 7 

An internal angle in low index layer, for which an overall 
forbidden gap is closed up, as a function of the index ratio 
5n. The filling fraction is rj = 0.32. The solid curve is for 

TE polarization, the DASHED ONE IS FOR TM POLARIZATION. 

Black dot corresponds to the stack parameters as in the 
FIGURE ^: rii = 1.4, n2 = 3.4. For all index ratios 5n which are 
TO the right of the dashed vertical line, TE forbidden gap 
IS open for all internal angles. 
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Fig. 8 

Calculated transmission spectra (left panel) and measured 

TRANSMISSION SPECTRA (RIGHT PANEL) OF NAsAlFb/ZnSe 

19-layer structure for TE-polarized (a) and TM-polarized 

(b) light at different angles of incidence (0°-solid line, 
20°-dashed line, 40°-dotted line, 60° -dash-dotted line). The 
triangles indicate the calculated edges of the 

omnidirectional REFLECTION BAND. 
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Fig. 9 

Dependence of transmission coefficient of NasAlFs/ZnSe 
structure on angles of incidence at wavelength of 632.8 nm 

(HeNe laser) for TWO POLARIZATIONS OF INCIDENT LIGHT. FOR 
TM-POLARIZATION CIRCLES ARE DIRECTLY MEASURED TRANSMISSION 
COEFFICIENTS, SQUARES MARK TRANSMISSION COEFFICIENTS 
CALCULATED FROM REFLECTION MEASUREMENT DATA. FOR 
TE-POLARIZATION (UPPER TRIANGLES) THE SIGNAL AT ANGLES MORE 
THAN 60° IS OUT OF THE SENSITIVITY RANGE OF THE EXPERIMENTAL 

SET-UP. The solid (dashed) curve is the theoretically 

CALCULATED TRANSMISSION COEFFICIENT FOR TE- (TM-) POLARIZED 
LIGHT. The DOTTED CURVE CORRESPONDS TO THE TRANSMISSION 
COEFFICIENT OF THE STRUCTURE TERMINATED AT BOTH ENDS WITH 
LOW INDEX LAYER, NAsAlFb, FOR TM-POLARIZED LIGHT. 



